Replication forks often stall at undamaged or damaged template sites in Escherichia coli. Subsequent resumption of DNA synthesis occurs by replacing DNA polymerase III, which is bound to DNA by the ␤-sliding clamp, with one of three damage-induced DNA polymerases II, IV, or V. The principal role of the ␤ clamp is to tether the normally weakly bound polmerases to DNA thereby increasing their processivities. DNA polymerase IV binds dNTP substrates with about 10-fold lower affinity compared with the other E. coli polymerases, which if left unchecked could hinder its ability to synthesize DNA in vivo. Here we report a new property for the ␤ clamp, which when bound to DNA polymerase IV results in a large increase in dNTP binding affinity that concomitantly increases the efficiency of nucleotide incorporation at normal and transiently slipped mispaired primer/template ends. Primer-template DNA slippage resulting in single nucleotide deletions is a biological hallmark of DNA polymerase IV infidelity responsible for enhancing cell fitness in response to stress. We show that the increased DNA polymerase IV-dNTP binding affinity is an intrinsic property of the DNA polymerase IV-␤ clamp interaction and not an indirect consequence of an increased binding of DNA polymerase IV to DNA.
replication of DNA (1, 2) . Replication proceeds until a template block, in the form of a pause site on undamaged DNA or an aberrant template base, is encountered on either the leading or lagging strand, whereupon the replication fork becomes stalled. Blocked replication is alleviated when the pol III core dissociates from ␤ and is replaced by one of three damageinduced lesion-bypass polymerases, pols II, IV, and V (3). Each pol, when present alone or in any combination, increases cell fitness thereby ensuring survival during periods of stress (4) .
Ideally, error-prone pols are restricted to copying localized regions of DNA so as to avoid generating excessive numbers of mutations. Acting as a "traffic cop," the ␤ clamp offers a way to switch back and forth between replication and repair pols (5) . The conundrum is that the ␤ clamp has been shown to increase the processivity of the error-prone pols (6, 7) , which could be counterproductive were that to be its only role. Data presented here reveal a new and unexpected role for ␤ when interacting with pol IV.
EXPERIMENTAL PROCEDURES
Enzymes, Buffer, and Oligonucleotides-pol IV, pol II, and the ␤,␥ complex were purified as described previously (6, 8 -12) . Enzyme reaction buffer contained 20 mM Tris-HCl, pH 7.5, 1 mM dithiothreitol, 1 mM ATP, 8 mM MgCl 2 and 50 mM NaCl. Oligonucleotides were synthesized using ␤-cyanoethyl phosphoramidite chemistry on an Applied Biosystems (model 392 RNA/DNA) synthesizer and purified by denaturing polyacrylamide gel electrophoresis. The 80-mer template was labeled at the 5Ј end with X-rhodamine (Molecular Probes, catalog number X-491) (13) . Primers were radiolabeled as described (14) .
Steady State Anisotropy Measurements-Fluorescence experiments were on instrumentation described previously (15) . The initial anisotropy of rhodamine-labeled p/t DNA (50 nM) was measured. pol IV was added in 1-l aliquots with additional measurements taken subsequent to each protein titration. Anisotropy data were converted to the concentration of bound DNA using the following equation,
where r is the measured anisotropy, r F is the anisotropy without protein, r B is the anisotropy of fully bound DNA, and D 0 is the initial concentration of p/t DNA. The concentration of bound DNA was fit to the quadratic equation shown below to determine the K d for DNA,
where E 0 and D 0 are initial pol IV and p/t DNA concentrations, respectively. Presteady State Anisotropy Measurements-Stopped flow anisotropy measurements were obtained using an Applied Photophysics spectrofluorometer as described (16) . A preincubated solution of rhodaminelabed p/t DNA (100 nM) and pol IV (2 M) was rapidly mixed with M13 (1 mM) trap DNA. Fluorescence data were obtained in real time by exciting the sample at 580 nm and collecting emission data points as it passed through a 600-nm cut on filter. To increase the signal to noise ratio 10 traces were averaged, and a 21-point smoothing analysis was performed on the averaged trace.
Kinetic Parameters for pol IV Using Rapid Quench-A Kintek quench-flow instrument was used to measure k pol and K d,dNTP under presteady state conditions. A solution of p/t DNA (50 nM) and pol IV (1 M) was rapidly mixed with dNTP, allowed to react for a given amount of time, and then quenched with EDTA (0.5 M). In reactions containing the accessory proteins, 400 nM ␥ complex and 600 nM ␤ were included in the solution prior to mixing with dNTP. Data points were collected between 0.01 and 30 s. The radiolabeled primer was resolved on a 16% polyacrylamide gel and quantitated with ImageQuant software from Amersham Biosciences. The concentration of extended primer was de-termined by multiplying the percent of extended primer by the p/t DNA concentration. Reactions were repeated multiple times to obtain standard error.
RESULTS
To analyze the effect of the ␤/␥ accessory clamp assembly on pol IV nucleotide incorporation efficiencies, we measured presteady-state kinetics of nt incorporation by pol IV in the presence or absence of ␤/␥. When DNA is in excess of pol IV, a rapid burst of nucleotide incorporation (k obs ϭ 12 s Ϫ1 ) is followed by a slower steady state phase of product formation (k ss ϭ 0.03 s Ϫ1 ) that occurs at the same rate as polymerase⅐DNA dissociation in reactions containing ␤/␥ (Fig. 1a, squares) . In the absence of ␤/␥, biphasic kinetics of nucleotide incorporation is also observed, but the initial burst of incorporation occurs at a rate reduced by a factor of 10 compared with reactions containing ␤/␥. The slow phase of product formation in the absence of ␤/␥ occurs at a rate (0.18 s Ϫ1 ) that is much slower than the rate of enzyme⅐DNA dissociation (k off Ϸ 10 s Ϫ1 , Fig. 1b , inset) and therefore must be limited by the rate of some other kinetic step.
One obvious mechanism by which ␤/␥ could affect the kinetics of nucleotide incorporation would be to increase the fraction of pol IV productively bound to p/t DNA. Therefore, single turnover experiments were done under conditions in which DNA was saturated with pol IV to eliminate differences in DNA binding. Anisotropy assays measuring binding of pol IV to X-rhodamine-labeled p/t DNA under equilibrium conditions yield a dissociation constant, K d,DNA for pol IV⅐DNA of 50 nM (Fig. 1b) . Based on this K d value, at least 0.5 M pol IV in reactions containing 50 nM DNA is necessary to ensure that virtually all the DNA remains bound by the enzyme when measuring incorporation during a single pol turnover (17) .
Rapid quench single turnover measurements were performed to determine the catalytic rate constant (k pol ) and equilibrium dTTP dissociation constant (K d,dTTP ). k pol was found to be similar to within a factor of two in the presence or absence of ␤ clamp (Fig. 2a) . In contrast, K d,dTTP was decreased by about an order of magnitude in the presence of the ␤ clamp (Fig. 2a) .
The low dNTP binding affinity for pol IV in the absence of ␤ (K d,dTTP ϳ 450 M), would portend a poor replication efficiency in vivo even if pol IV were tethered to the DNA by the ␤ clamp because dNTP pool sizes in E. coli are ϳ100 M (18). Instead, the ␤ clamp appears to be playing two separate roles, its "standard" role to stabilize pol IV on DNA by reducing its dissociation rate from ϳ10 to 0.03 s Ϫ1 (Fig. 1) , along with a new role to increase pol IV binding to dNTP substrates. In contrast, K d,dTTP for pol II is about the same in the presence and absence of ␤ (Fig. 2b) . We have verified that similar reductions in K d,dNTP , accompanied by little or no change in k pol , are observed when pol IV copies a variety of p/t DNA constructs, including primed closed circular DNA and linear p/t DNA in the presence of single-strand binding protein (data not shown).
In vivo, pol IV tends to generate Ϫ1 deletions in short homopolymeric runs giving rise to adaptive mutations in nondividing cells (19, 20) . A crystal structure reported for a ternary complex composed of Sulfolobus solfataricus Dpo4 (a homolog of pol IV)-p/t DNA-ddGTP shows just such a frameshift mutational intermediate in which two template bases are positioned in the pol active cleft (21) . The "first" template base (G) is located out of the helical plane allowing the ddG to be paired opposite the "downstream" template C (21) .
A similar slipped p/t DNA structure occurs dynamically during pol IV synthesis as shown by fluorescence kinetics measurements (6). To investigate p/t DNA slippage, we performed rapid quench experiments to determine how the ␤ clamp might influence pol IV kinetics when copying a dT-dA short homopolymer run (Fig. 3) . A slipped p/t DNA can be formed by "forcing" insertion of G opposite a downstream template C when the "next correct" dTTP is omitted from the reaction (Fig.  3) . A 3-fold increase in pol IV-dGTP binding affinity occurs in the presence of ␤ clamp on the slipped p/t DNA, with essentially no change in k pol ϳ 2-3 s Ϫ1 (Fig. 3) . When the downstream base was changed from C to G to eliminate slippage and thereby promote misincorporation, k pol values for dGMP⅐A misincorporation, either with or without ␤/␥, are about 100-fold less than those for "correct" dGMP⅐C incorporation on a transiently misaligned DNA, while K d,dGTP values are in a range of 500 -750 M Ϯ ␤/␥ (data not shown). The G⅐C slipped-mispaired incorporation efficiencies (k pol /K d,dNTP ) are favored over G⅐A misincorporation efficiencies by ϳ100-fold either with or without the ␤ clamp. Therefore, ␤ appears to increase efficiencies for deletion and base substitution mutational intermediates to a similar 5-fold extent, based on the k pol /K d,dGTP ratios with and without ␤/␥, either for incorporation on a slipped-mispaired p/t DNA end or for dGMP⅐A misincorporation. 
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DISCUSSION
The ␤ clamp and its eukaryotic counterpart proliferating cell nuclear antigen act as 3Ј-primer end "docking" sites for DNA polymerases and can also bind other proteins to DNA, e.g. mismatch repair proteins (22) . An important open question concerns "how, when, and where" different proteins exchange on the clamp. In the case of E. coli, each of the five pols can bind to ␤ (3). As a consequence, the tethered pols tend to exhibit significantly increased processivity. In the case of replicative pol III, the processivity is increased from about 15 nt to greater than 5000 nt (23) . Processivities for the three SOS pols are also increased but to a much lesser extent (6, 7, 24, 25 ).
The data in this paper show unexpectedly that the ␤ clamp alters the intrinsic dNTP binding affinity for pol IV (Fig. 2a) , an effect that is not observed for pol II (Fig. 2b) . The value of K d,dTTP for pol IV is about 500 M, which is 25-fold higher than observed for pol II (ϳ20 M) (Fig. 2) . Such weak binding of pol IV to its cognate dNTP substrate would be likely to render it inactive in vivo. Our observation that ␤ clamp enhances pol IV-dNTP affinity by an order of magnitude brings it in line with normal Michaelis constants, which are typically 20 -50 M, obtained from steady state kinetics data.
The stabilizing effect of ␤ on the pol IV-dNTP binding affinity is unrelated to the stabilizing effect of the clamp on pol IV-p/t . Similar experiments using the accessory proteins, 600 nM ␤, and 400 nM ␥ complex, at 12.5 (q), 25 (E), 50 (), 100 (ƒ), 200 (f), and 400 (Ⅺ) M dTTP are shown in the graph labeled "pol IV ϩ ␤,␥ complex." In the lower panel, the rate at each dTTP concentration was plotted and fit to a rectangular hyperbola to obtain k pol and K d,dTTP . b, using pol II, the rates at varying dTTP concentrations were plotted and fit to a rectangular hyperbola. Protein concentrations were the same as those described for pol IV.
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DNA binding because the experimental conditions used to measure single-turnover incorporation kinetics (pol IV concentration Ͼ Ͼ p/t DNA concentration, Fig. 1b ) ensure that the pol IV-p/t DNA off-rate (k off ϳ 10 s Ϫ1 , Fig. 1b) does not influence the single-turnover rate (Fig. 2a) . Put another way, the primer extension product measured during a single turnover results from a single enzyme-DNA encounter. Thus, the interaction of pol IV with ␤ is likely to cause a conformational change in the enzyme that increases its catalytic efficiency, k pol /K d,dNTP , by increasing dNTP binding affinity but without affecting k pol .
A recent crystal structure shows the C-terminal peptide of pol IV bound to ␤ (26) suggesting that the pol binds in either of two states, a "locked-down" complex with no access to DNA or in an alternative complex in which rotation of a peptide chain brings the enzyme into close proximity with the p/t DNA junction. Based on our kinetic data, we suggest that this same conformational change may also be responsible for enhancing dNTP binding affinity. pol IV dissociates rapidly from p/t DNA (k off ϭ 10 s Ϫ1 ) and interacts weakly with substrate dNTP (K d,dNTP ϳ 0.5 mM). The ␤ clamp compensates for both deficiencies first by working in its traditional mode to target pol IV to specific blocking template sites by enhancing its binding to p/t DNA and second by acting atypically to allow pol IV to bind dNTP much more avidly (K d,dNTP ϳ 50 M) to convert it from an inefficient to an efficient enzyme.
Elimination of any one of the three SOS pols results in a significant reduction in cell fitness in stationary populations of E. coli (4) . pol IV has been specifically found to generate small deletion mutations, called adaptive mutations, in reiterated sequences in nonproliferating cells placed under nonlethal selective pressure (19, 20) . The ␤-enhanced dNTP binding to pol IV observed in a short dT:dA p/t DNA sequence in vitro (Fig. 3) could facilitate this type of mutation in vivo thus contributing to cell survival during stressful periods. Whereas the high fidelity replicative pol III can remain bound to ␤ for several min, allowing it to copy the entire E. coli genome (4 mb) at a rate approaching 10 3 nt/s, the less active pol IV remains bound for only ϳ0.5 min (k off ϳ 0.03 s Ϫ1 , Fig. 1 ) allowing the addition of no more than 600 nt, assuming a maximum polymerization rate (k pol ϳ 20 s Ϫ1 , Fig. 2a ). More realistically, considering the relatively low intracellular dNTP pool concentrations, ϳ100 M (18), pol IV would be "lucky" to copy 10 to perhaps 50 template bases. Thus, from a teleological prospective, due to its unique interactions with ␤ clamp, pol IV can remain bound to DNA long enough to copy through "difficult" template sequences but not long enough to create a lethal mutational load.
